ABSTRACT DNA double-strand breaks (DSBs) are biologically one of the most important cellular lesions and possess varying degrees of chemical complexity.
INTRODUCTION
DNA double-strand breaks (DSBs) are biologically one of the most important lesions and may be induced endogenously by reactive oxygen species or exogenously through ionizing radiation and various DNA damaging chemicals. As a result, DSBs produced by these genotoxic agents may possess varying degrees of structural and chemical complexity, and it is the extent of DSB complexity that is thought to underlie the severity of the biological consequences. It is therefore critical that DSBs are repaired correctly to maintain the integrity of the genome and prevent formation of mutations and chromosomal rearrangements or loss, which may ultimately lead to cancer or cell death.
The concept that the ease of repair of DSBs reflects their chemical complexity was proposed based on the observations that a fraction of DSBs induced by sparsely ionizing radiation are very slowly repaired in mammalian cells (1) (2) (3) (4) (5) (6) (7) (8) (9) and as a consequence were thought to contribute to the harmful effects of ionizing radiation (1, 10, 11) . While the precise chemical complexity of the different DSB ends was not clearly defined, it was postulated that simple DSBs should be easier to repair than DSBs with more complex structures, for instance when several lesions are proximal to the DSB ends. Insights into the structure and chemical complexity of DSBs (12) (13) (14) (15) were first revealed from analysis of the chemical composition of radioactive-iodine-induced DSB ends, which are complex (14) . Many of these DSBs possess not only single-stranded overhangs of variable length but also a high frequency of oxidized base modifications and abasic sites directly upstream of the DSB ends. This chemical and structural complexity of DSBs is in addition to the generally formed 3 0 blocking ends of DSBs, e.g. 3 0 -phosphate or 3 0 -phosphoglycolate moieties (12, 14, (16) (17) (18) . In mammalian cells, DSBs are repaired by two principle pathways, namely non-homologous end joining (NHEJ) and homologous recombination (HR). HR occurs during S or G 2 phase of the cell cycle and provides greater repair fidelity than NHEJ, which is the major pathway for the repair of DSBs in all phases of the cell cycle (reviewed in (19, 20) ). Replication-induced DSBs formed at stalled replication forks are normally repaired by HR whereas the majority of DSBs, which are chemically distinct from replication-induced single-ended DSBs, are repaired by NHEJ. NHEJ involves the initial recruitment of Ku70/80 and DNA-PKcs (21) (22) (23) (24) (25) . Processing of the DSB termini is then thought to occur involving the MRN complex (Mre11, RAD50 and Nbs1), Artemis (2, 26, 27) , PNKP (28, 29) and APLF (30) . The gaps are subsequently filled by polymerase m and before ligation occurs via XRCC4, Ligase IV and XRCC4 like factor (XLF) (31, 32) .
Evidence for the inefficient repair of chemically complex DSBs also came from findings using cell lines deficient in either, Artemis (involved in NHEJ) or ATM (Ataxia telangiectasia mutated; involved in DSB signaling and NHEJ), when an increase in the number of persistent DSBs was observed (2, 33, 34) . Confirmation of the inefficient processing of chemically complex DSBs was subsequently confirmed in in vitro studies using synthetic oligonucleotide models to simulate chemically complex DSBs with oxidized bases and AP sites at known locations upstream of the DSB ends (5, 35) . The rate of rejoining of these model complex DSBs by either purified XRCC4/ Ligase IV (5) or HeLa cell extracts (35) is indeed severely retarded. Importantly, this retardation seen with HeLa cell extracts could not be explained as a consequence of the 3 0 -blocking ends of the DSBs (35) . Even though the removal of the oxidized bases and AP sites proximal to the DSB termini by base excision repair proteins is inefficient (5), it was inferred that rejoining of these model chemically complex DSBs by cell extracts still occurs prior to removal of the base lesions proximal to the DSB ends (35) .
Information is evolving on the structural and chemical complexity of DSBs and on the reduced efficiency of complex DSB processing in vitro by NHEJ. To date however, studies on the recruitment of key NHEJ proteins in real-time to sites of DSBs induced in living cells have not considered differential recognition of chemically complex DSBs during NHEJ. These studies have mainly focused on recruitment of NHEJ proteins at early times to DSBs induced by either laser microirradiation (24, 25, 36, 37) or irradiation with uranium ions (24) , irrespective of consideration of their chemical or structural complexity. The earliest indications that a fraction of DSBs may be repaired by NHEJ in a Ku70/ 80-dependent DNA-PKcs-independent manner came from Mari et al. (25) and Yano et al. (36) . The few real-time studies at longer times have generally focused on the dependence of the kinase activity of DNA-PKcs on the kinetics of DSB repair (24, 38, 39) . Both ATM phosphorylation and autophosphorylation of DNA-PKcs were found to be essential for efficient DSB repair (40) by facilitating release of DNA-PKcs from DNA ends (38) .
Based on the concept that the biological responses to DSBs of different chemical complexity may reflect differential substrate recognition, the aim of the present study was to address whether those NHEJ proteins required for repair of DSBs with greater structural/chemical complexity represent a different sub-set of proteins to those required for repair of less complex (simple) DSBs. Any differences would be indicative of different biochemical processes occurring during NHEJ, of relevance to the potential biological impact of DSBs with differing degrees of complexity. We have therefore used sparsely ionizing ultrasoft X-rays (USX) and multi-photon near infrared laser microbeam (NIR microbeam) as these radiations provide an ideal approach to vary the relative proportions of simple to more chemically complex DSBs induced. USX induce mainly simple DSBs, based on biophysical modeling (41) (42) (43) and as inferred from DSB repair kinetics (7, 44) , in contrast to the induction of a significantly higher proportion of complex DSBs by NIR microbeam irradiation (45) (46) (47) . The dynamics of the NHEJ proteins involved in the repair of DSBs with differing levels of complexity have been followed in real-time using fluorescently tagged Ku80, DNA-PKcs and XRCC4.
We have shown that Ku70/80 is recruited directly to all DSBs whereas DNA-PKcs is only recruited to longer-lived DSBs, which are suggested to be complex. We also present the first observation in real-time that Ku70/80 is visualized at DSBs induced by sparsely ionizing radiation.
MATERIALS AND METHODS

Cell lines and culture conditions
Ku80-EGFP-tagged XR-V15B cells (referred to in the text as Ku80-EGFP cells) were cultured in minimum essential medium (MEM) supplemented with 2 mM L-glutamine. DNA-PKcs-YFP tagged V3 cells (referred to in the text as DNA-PKcs-YFP tagged cells) were cultured in aMEM containing glutamax. All cell culture medium was supplemented with 10% FCS and 100 units/ml penicillin and 100 mg/ml streptomycin in T75 flasks. Cells were maintained at $70% confluency at 37 C and 5% CO 2 humidified air. For USX irradiation, Ku80-EGFPtagged cells and DNA-PKcs-YFP-tagged cells were plated at 7.5 Â 10 4 cells/dish in 30 mm internal diameter glass walled, 0.9 mm Mylar (polyethylene terephthalate) bottom dishes containing 3 ml of medium and incubated for 48 h at 37 C in 5% CO 2 humidified air. For all NIR microbeam experiments, cells were plated at 2.0 Â 10 5 cells/dish in 30 mm diameter glass walled, number 1 glass cover-slip bottom dishes containing 3 ml of medium and incubated for 24 h at 37 C in 5% CO 2 humidified air.
The expression levels of Ku80-EGFP (25) and DNAPKcs-YFP (24) have been shown to be similar to that of the respective proteins in the wild-type cells. The expression level of XRCC4-GFP is higher than the endogenous levels expressed in wild-type cells (Supplementary Figure S1) .
Real-time irradiations
Cells were cooled before and then maintained at 7 C during irradiation with Al K USX. Cells were irradiated in culture medium at the stated dose (nominal mean dose rate to the cell was $2.8 Gy min À1 ) through a grid in which gold was deposited in 9 mm wide stripes separated by 1 mm resulting in the cell being irradiated in 1 mm stripes at 10 mm intervals (Supplementary Figure S2 and Supplementary Materials and Methods). Following irradiation, culture medium was replaced with 3 ml of medium warmed to 37 C. Time zero was recorded immediately following addition of warmed medium (37 C) and images were taken at the stated times post-irradiation (at 37 C) using a BioRad Radiance 2000 confocal microscope (Carl Zeiss Ltd., UK) coupled to a Nikon TE2000 microscope (Nikon Instruments Europe B. V., UK).
For NIR microbeam irradiations, cells were incubated with 10 mg/ml Hoechst dye for 10 min prior to irradiation at 37 C and maintained at 37 C throughout the irradiation using the temperature control chamber. The laser was set to a wavelength of 730 nm and a nominal power of 10 mW measured through a Â40 air, numerical aperture 0.95, microscope objective. Cells were irradiated in culture medium using the automated stage to move the cells in a rastering pattern to create damage tracks within the nucleus using a Â60, NA 1.2, water objective to focus the laser microbeam into the cell nucleus. Time zero was recorded immediately following irradiation of the cells (<10 s) and images were collected at the stated times following irradiation using confocal microscopy with a Â60 water objective (EC1, Nikon Instruments Europe B. V., UK) as described above.
Where indicated, 10 mM ATM kinase inhibitor (Merck Chemicals, UK) or 250 nM PARP inhibitor (Kudos, UK) was added 45 min prior to damage induction. The inhibitor concentrations were chosen based on either the IC 50 or EC 50 and have been recommended by the manufacturer for inhibition of DSB repair, while having low levels of cytotoxicity in the absence of DSBs. ATM kinase inhibitor has an IC 50 of 13 nM with little cross reactivity 10 mM) (48) and Kudos PARP inhibitor an IC 50 of 5 nM (49, 50) . To inhibit histone deacetylation (HDAC) either 5 mM of sodium butyrate (Sigma Aldrich, UK) or 1.3 mM of trichostatin A (TSA) was added 16 h prior to irradiation (51) .
Quantification of protein intensity from real-time confocal images
The confocal microscope images of recruitment of proteins in real-time were analysed by measuring the intensity of the fluorescently tagged protein of interest using Quantity One Õ software. In the real-time experiments, the fluorescence intensity of the protein along an irradiation track within an individual cell over the repair time course was determined by analysing a minimum of 10 cells per experiment. The foci track was selected at each time point post-irradiation and the nuclear background intensity was determined by selecting an un-irradiated area within the cell nucleus. The intensity of the protein was calculated by subtracting this nuclear background from the intensity of the foci track. The average intensity of all of the foci tracks was calculated and all intensities at different times post-irradiation were normalized to the maximum fluorescence intensity determined at earlier times (maximum relative fluorescence of 1). A minimum of three experiments were carried out and the data are expressed as the mean together with the SEM.
Kinetic analysis of loss of fluorescence intensity of the tagged proteins from sites of damage
The rate of loss of fluorescence intensity for Ku80-EGFP and DNA-PKcs-YFP from DSBs induced by either NIR microbeam or USX irradiation was analysed using Origin software Õ assuming either mono-exponential kinetics ((equation (1))
or bi-exponential kinetics (equation (2))
where y is the relative fluorescence intensity of the fluorescently tagged protein at the damage sites at time t, k 1 and k 2 are the first-order rate constants for loss of fluorescence intensity by reactions 1 or 2, A 1 and A 2 are the initial levels of the fluorescently tagged protein which are involved in the DSB repair processes with rate constants k 1 and k 2 . The fraction of the fluorescently tagged protein associated with the damage site decaying with rate constant k 1 (reaction 1) is given by fraction decaying by reaction 1 ¼ A1=ðA1+A2Þ ð 3Þ
and rate constant k 2 (reaction 2) is given by fraction decaying by reaction 2 ¼ 1 À A1 ð4Þ
The half-life (t ½ ) for each reaction is given by lnð2Þ=ðrate constantÞ ð 5Þ
The data points in figures (Figures 1, 2b , c, 3, 5 and 6, and Supplementary Figures S3b, S4, S6 and S7) were fitted using either equation (1) or (2) to obtain the half-lives for the different reactions and the proportion of the loss of fluorescence in the case of bi-exponential fits to the two first-order components. The best fit curves to the experimental data are shown as solid or dashed lines.
RESULTS
Ku70/80 is recruited to USX and NIR microbeam-induced DNA DSBs
With the exception of the studies by Mari et al. (25) and Kim et al. (37) recruitment of Ku70/80 to DSBs in realtime have generally been difficult to observe as only a few molecules are recruited to damage sites against the high nuclear levels, estimated to be $400 000 molecules per nucleus (52) (53) (54) . Using USX, which are highly attenuated, in conjunction with a patterned 1 mm thick gold shield (55) (Supplementary Figure S2) , distinct tracks of DSBs are induced, visualized as phosphorylated H2AX foci (gH2AX). These observations of gH2AX foci tracks verify that DSBs are induced using the USX set-up described. In similar experiments, the recruitment of Ku80-EGFP to DSB tracks was seen within 5 min, the earliest time point recorded, following irradiation with a dose of 27 Gy of USX (Figure 1a) . Due to the low dose rate of the USX set-up, the irradiations were performed at 7 C to minimize repair during the irradiation period. As the cells were subsequently warmed to 37 C, the recruitment and repair times of DSB will also reflect the time required to attain 37 C (Supplementary Figure S3a) . The time-dependent loss of fluorescence intensity of Ku80-EGFP in the DNA damage tracks proceeds via an exponential decay with a calculated half-life life (t ½ ) of 12 ± 5 min. To increase sensitivity, particularly at longer times, the USX dose was increased to 137 Gy (Figure 1b) . The t ½ for exponential loss of the majority of the fluorescence intensity of Ku80-EGFP is 19 ± 4 min, suggesting Ku80-EGFP is involved during the repair of the majority of DSBs. However it is now apparent at the higher dose that $15% of the total fluorescent intensity persists, indicative of the presence of a small percentage of longer-lived DSBs, which also utilize Ku80 during their repair.
From pulse field gel electrophoresis (PFGE) DSB repair data, it had previously been suggested that the majority of USX-induced DSBs are simple (7, 44, 56) . The USX findings presented here on the dynamics of loss of Ku80-EGFP at DSBs are consistent with the formation and repair of these simple DSBs. To explore this further, the kinetics of loss of Ku80-EGFP from DSBs were determined at 37 C following NIR microbeam irradiation (Figure 2a C with a dose of (a) 27 Gy or (b) 137 Gy followed by incubation at 37 C. For real-time analysis, each point represents the relative fluorescence intensity normalized to the intensity at 'zero time' following irradiation and maintaining the cells at 37
C. The kinetic analysis to obtain the best fit to the experimental data are shown as solid lines and described in the Materials and Methods section. (Figure 2a) . Within the first 10-15 min, a rapid loss of $30% of Ku80-EGFP relative fluorescence occurs, followed by a slower loss during the repair of the remaining DSBs (Figure 2a and quantified in Figure 2b ). These observations are consistent with the prediction that a greater fraction of complex DSBs are produced by NIR microbeam irradiation (45) . We questioned whether the initial rapid loss of Ku80-EGFP seen with NIR microbeam irradiation is cell-cycle dependent. The initial loss of $30% of the Ku80-EGFP fluorescence is independent of the percentage of cells in a given phase of the cell cycle as seen by the similar kinetics in cycling (Figure 2b ) and enhanced G 1 -phase cells (Figure 2c and  d) . The loss of Ku80-EGFP fluorescence in exponentially growing and enhanced G 1 -phase cells occurs via bi-phasic kinetics. The fast component observed decays with a t ½ of 1.5 ± 1 min (34 ± 10% of the DSBs) which is independent of the phase of the cell cycle. The slower component of loss occurs with t ½ of 72 ± 35 min (66 ± 10% of DSBs) and 120 ± 32 min (59 ± 5% of DSBs) for exponentially growing and enhanced G 1 -phase cells, respectively.
The higher value of t ½ for the fast component following USX irradiation compared with NIR microbeam irradiation emphasizes the differences in the temperature during irradiation (7 C versus 37 C, respectively) and the time to reach 37 C following USX irradiation ( Supplementary Figures S3a and b) . The differences in the proportion of fast to slow components for loss of fluorescence intensity of Ku80-EGFP during repair of DSBs induced by USX and NIR microbeam irradiation is consistent with a greater fraction of complex DSBs induced by NIR microbeam irradiation. Additionally, the rapid loss of Ku80-EGFP relative fluorescence during repair of DSBs represents processing by NHEJ and not HR, since Ku80-EGFP loss occurs before the time for maximal recruitment of RAD51 (a key protein in HR) and loss of gH2AX following NIR microbeam irradiation (45) .
In addition to the classical NHEJ pathway, cells may also use a Ku-independent back-up NHEJ (B-NHEJ) pathway which involves poly(ADP)ribose polymerase (PARP1) and ligase III (57, 58) . To verify that the B-NHEJ pathway does not play a role in the repair of DSBs in Ku70/80 proficient cells (58, 59) , real-time recruitment and loss of Ku80-EGFP was visualized in the presence and absence of a PARP1 inhibitor. The recruitment and loss of Ku80-EGFP at DSBs induced by either NIR microbeam (Supplementary Figure S4a) or USXradiation (Supplementary Figure S4b) is unaffected when PARP1 activity is inhibited. Therefore, we have verified that B-NHEJ does not appear to have a substantial role in DSB repair in Ku70/80 proficient cells.
Repair of DSBs involving DNA-PKcs induced by NIR microbeam-irradiation proceeds predominantly via a single repair process with slow kinetics
Following NIR microbeam irradiation of DNA-PKcs-YFP-tagged cells, DNA-PKcs-YFP is recruited to NIR microbeam-induced DSBs within 1 min following irradiation, reaching maximal relative fluorescence intensity within 3 min, consistent with the observations by Uematsu et al. (24) (Figure 3) . In contrast to the observations with Ku80-EGFP, a significant rapid loss of fluorescence of DNA-PKcs-YFP was not seen, suggesting that DNA-PKcs is not directly involved during the fast component of repair of a sub-set of DSBs. The first order loss of DNA-PKcs-YFP fluorescence intensity (t ½ of 78 ± 50 min) is consistent with the slow component seen during DSB repair in cycling Ku80-EGFP cells (Figure 2b ). It is therefore concluded that DNA-PKcs is mainly recruited to the slowly repairing DSBs which also require Ku80.
Biochemical evidence has shown that 1-2 molecules of Ku80 and DNA-PKcs bind to their respective DSB substrate ends (38, 60, 61) . As such, if DNA-PKcs is recruited mainly to the slowly repairing sub-set of DSBs, whereas Ku80 is recruited to all DSBs, then reducing the laser power and hence the overall yield of DSBs should result in observation of Ku80-EGFP at DSB sites at lower laser powers than that required to see DNA-PKcs-YFP. This prediction was verified from a NIR microbeam power dependency, as Ku80-EGFP recruitment was seen at DSB sites at 1 mW, whereas recruitment of DNA-PKcs was visualized only at $4 mW (Figure 4) . Similarly, recruitment of Ku80-EGFP can be seen at lower doses of USX down to $6 Gy compared with the higher doses required to see recruitment of DNA-PKcs-YFP (54 Gy) (Supplementary Figure S5a) . Both these observations are consistent with the prediction that fewer complex DSBs are induced by USX than by NIR microbeam irradiation (45) . To verify that these observed differences are not attributed to differences in repairability of DSBs in the different cell lines, the induction and repair of DSBs (as represented by gH2AX foci) was found to be similar in both Ku80-EGFP tagged XRV15B cells and DNA-PKcs-YFP tagged V3 cells, when irradiated with 1 Gy of g-radiation (Supplementary Figure S5b) .
XRCC4 is recruited to USX and NIR-microbeam-induced DNA DSBs
Since Ku80 is lost from rapidly repairing simple DSBs, the dynamics of recruitment and loss of fluorescence intensity of XRCC4-GFP at NIR-microbeam-induced DSBs in XR1 (XRCC4 deficient) cells complemented with XRCC4-GFP (Supplementary Figure S1 ) was determined, due to its role in the final step of DSB ligation. XRCC4-GFP is recruited to NIR microbeam-induced DSBs within 1 min followed by a loss of fluorescence intensity (t ½ of 8 ± 1 min) ( Figure 5 ) at a rate slightly slower than that seen for the fast component of loss of fluorescence intensity of Ku80-EGFP at DSB (t ½ of 1.5 ± 1 min). From these differences it is suggested that Ku80 dissociates from rapidly repairing DSBs shortly before their ligation. This rate of loss of fluorescence intensity of XRCC4-GFP at the rapidly repairing DSB ( Figure 5 ) is comparable with the rate of repair of the majority of g-radiation-induced DSBs determined by PFGE (56) . In contrast, loss of XRCC4-GFP was not seen from the slower repairing DSBs as would be predicted, since the ligation step involving XRCC4 would not now be rate determining. The similarity between the kinetic data ( Figure 5 ) also confirms that the increased expression level of XRCC4-GFP compared to the wildtype levels does not affect the rate of repair of DSBs ( Figure 5 and Supplementary Figure S1 ).
The inhibition of ATM activity retards the repair of a sub-set of DSBs that utilize both Ku80-EGFP and DNA-PKcs-YFP ATM has been shown to be involved in phosphorylation of DNA-PKcs at Thr-2609 cluster, facilitating its release from DSB ends (24, 40) . We therefore investigated the effects of inhibition of ATM activity on the kinetics of loss of fluorescence intensity of Ku80-EGFP and DNAPKcs-YFP during the repair of DSBs of varying complexity. The inhibition of ATM does not alter the expression levels of Ku80-EGFP/DNA-PKcs-YFP or the actual fluorescence intensity of either Ku80-EGFP or DNA-PKcs-YFP at early times when recruited to the NIR microbeam-induced damage sites (Figure 6 images).
The recruitment of Ku80-EGFP to NIR microbeaminduced DSBs is unaffected by inhibition of ATM, with maximum levels of relative fluorescence observed within 1 min in control and ATM-inhibited cells (Figure 6a inset  and images) . Additionally, the initial rapid loss of Ku80-EGFP relative fluorescence over the initial 10 min is not affected by the presence of the ATM inhibitor (Figure 6a ). In contrast, the subsequent slower loss is retarded by the ATM inhibitor (Figure 6a ) by a factor of $3.5, when the t ½ value increases from 30 ± 14 min to 107 ± 18 min in the presence of the inhibitor. It is suggested that ATM is mainly involved in NHEJ repair of the slower repairing DSBs.
To see if the rate of loss of Ku80-EGFP during repair of DSBs induced by USX in the presence and absence of the ATM inhibitor mainly effects the slower repairing DSBs, the cells were irradiated at 37 C (radiation time $12 min). Ku80-EGFP is recruited rapidly during the USX-irradiation period in the presence and absence of the ATM inhibitor. Although difficult to quantify since a fraction of the DSBs will have been repaired during the irradiation period at 37 C, it is apparent that the rate of loss of relative fluorescence of Ku80-EGFP is slower in the presence of the ATM inhibitor particularly at longer times (Supplementary Figure S6) . The effect of ATM can be seen from the difference in the level of fluorescence, relative to the intensity at zero time, of 45% in the presence of the ATM inhibitor compared with only 20% in control cells 35 min post-irradiation. The inhibitory effect by the ATM inhibitor on slower repairing DSBs induced by USX is consistent with that seen following NIR microbeam radiation.
Having shown that the ATM inhibitor mainly affects the slower repairing DSBs, we then tested if the ATM inhibitor would retard the loss of DNA-PKcs-YFP, which is recruited mainly to the slower repairing DSBs. The recruitment of DNA-PKcs-YFP to NIR microbeaminduced DSBs is unaffected by the inhibition of ATM, with similar maximum levels of relative fluorescence observed within 1 min in control and ATM-inhibited cells (Figure 6b inset and images) . However the loss of the majority of the DNA-PKcs-YFP relative fluorescence is retarded by the ATM inhibitor (Figure 6b ) by a factor of $3.3. The t ½ value increases from 42 ± 11 min to 138 ± 59 min in the presence of the inhibitor. Taken together with the finding for Ku80, it is confirmed that ATM inhibition affects mainly the slower repairing DSBs through retention of not only DNA-PKcs but also Ku80 at complex DSB ends.
DISCUSSION
The notion that the repairability of more chemically complex DSBs is less efficient, has led to the concept that the extent of DSB complexity underlies the severity of the biological consequences (1-3,9,19) . Differences in the fraction of DSBs of varying chemical complexity induced by USX (7) or NIR microbeam radiation (45) used here confirmed our findings from real-time recruitment and loss of NHEJ proteins to DSBs. It is proposed that at least two distinct sub-pathways of NHEJ are utilized in the repair of the different types of DSBs, distinguished through their complexity. The fast component of DSB repair is Ku70/80 dependent but DNA-PKcs independent, whereas the slower component of DSB repair is dependent on both Ku70/80 and DNA-PKcs. The latter component also involves ATM, even though Ku80 (25), DNA-PKcs (24), XRCC4 and XLF (36) are all recruited rapidly to the induced DSBs. It is proposed that the fast component of DSB repair represents predominantly simple DSBs whereas the slower component represents DSBs with more complex structures, for instance when several lesions are proximal to the DSB ends. This proposal is consistent with the observation that increasing the proportion of complex relative to simple DSBs using NIR microbeam radiation (45) results in rapid loss of Ku80 from a smaller proportion of DSBs (Figure 2b ) than seen with USX (Figure 1a) , which induces mainly simple DSBs (7, 44) . Additionally, we have shown from the real-time kinetics for recruitment and loss of Ku70/ 80, that the choice of the NHEJ repair pathway for these different types of DSBs is independent of the phase of the cell cycle. Our study clearly shows that DSBs of different chemical complexity should be considered as different substrates with regard to the NHEJ proteins required for their repair. In the majority of real-time studies to date, it has not been considered generally that repair of laser-induced DSBs may be dependent on their complexity (23) (24) (25) 36) .
We present the first observation of recruitment of NHEJ proteins to sparsely ionizing radiation-induced DSBs in real-time, seen from the accumulation of Ku80 as distinct foci tracks to USX-induced DSBs. The subsequent rate of repair of the majority of the DSBs ($85-90%) is similar to that determined from PFGE for repair of DSBs induced by USX (7, 44, 56) . In contrast to the rapid loss of Ku80, DNA-PKcs is not directly involved in the fast component of DSB repair when induced by either USX or NIR microbeam radiation. DiBiase et al. (62) showed that the kinetics of DSB repair in MO59J and MO59K cells are the same, although the proportion repairing by fast and slow components shifts toward the slow component with mutated DNA-PKcs. However, this shift was not verified using the same cell lines when using gH2AX as the marker for DSBs (63) .
The loss of XRCC4, a monitor of DSB ligation, from the DSBs induced by NIR microbeam occurs with a similar rate (t ½ of 8 min) to that for loss of the majority of DSBs induced by g-radiation at 37 C as determined by PFGE (44, 56) (Figure 5 ). The rejoining of DSBs with a t 1/2 of 8 min implies that 3 0 phosphates and/or 3 0 phosphoglycolates are removed quickly from the DNA ends prior to ligation. From the dynamics of Ku80 recruitment to and loss from simple DSBs, it is inferred that XRCC4 is recruited to DSBs prior to Ku80 release, which occurs shortly before ligation of DSBs, in a DNA-PKcs independent manner. Previous investigations using DNA-PKcs null cells have indirectly shown that Ku70/80 and XRCC4 and XLF are able to repair NIR microbeam-induced DSBs, suggesting that activity of the XRCC4/ligase IV/XLF complex is the switch from processing to repair/ligation (25, 36) .
The repair of complex DSBs occurs by a single process at a rate which is at least 10x slower than that for the loss of Ku80 from simple DSBs in a Ku70/80 and DNA-PKcsdependent manner. This slower repair of complex DSBs probably reflects the additional processing necessary to remove lesions close to the DSB ends (1,4,5,10,11,13,35) . Previously, Riballo et al. (2) suggested from indirect evidence using a variety of DSB repair deficient cell lines that the repairability of DSBs, determined using PFGE, involves ATM and DNA-PKcs but only for a sub-set of DSBs. Additional confirmation for these two distinct NHEJ sub-pathways in the repair of simple and complex DSBs comes from differences in the dose/power responses for accumulation of Ku80 relative to that of DNA-PKcs at USX and NIR microbeam-induced DSBs, even when taking into account differences in the excitation coefficients between YFP and GFP at 488 nm. Moreover, the inability to visualize DNA-PKcs-YFP at low NIR microbeam powers and USX doses, when Ku80 is visualized, is not due to differences in the number of molecules recruited to the DSB termini. It has previously been shown that 1-2 molecules of either Ku70/80 or DNA-PKcs bind to their respective DSB substrate ends (38, 60) . Additionally, >2 Ku-heterodimers bound to DSB ends have been shown to inhibit ligation (60) .
Although inhibition of ATM kinase activity does not affect the recruitment of either Ku80 or DNA-PKcs to NIR microbeam-induced DSBs, the inhibitor mainly retards the processing of the slower repairing DSBs, namely the complex DSBs, by a factor of $3 ( Figure 6 ). ATM has been shown to be involved in phosphorylation of DNA-PKcs at Thr-2609 in a DSB-dependent manner resulting in its release from DSB ends (40) . The persistence of DNA-PKcs at DSB sites depends on the phosphorylation/autophosphorylation status of DNA-PKcs, since Uematsu et al. (24) showed that the rate of release of DNA-PKcs from DSBs is also retarded when the autophosphorylation sites are mutated. Phosphorylation of DNA-PKcs induces a conformational change, facilitating the release of DNA-PKcs from DNA ends (38) . Our findings are consistent with retardation of phosphorylation of DNA-PKcs by ATM resulting in 'slowing down' the release of not only DNA-PKcs but also Ku80 from mainly complex DSBs. The involvement of ATM in the repair of complex DSBs is consistent with our previous studies showing that ATM persists at NIR microbeaminduced damage for up to 6 h post-irradiation in the absence of an ATM inhibitor (45) . It is therefore proposed that phosphorylation of the DNA-PK complex, known to cause a conformation change (38) , potentially allows Ku80 to be released from the DNA ends together with DNA-PKcs. In contrast, ATM inhibitors do not affect the loss of Ku80 from DNA ends during the repair of simple DSBs when DNA-PKcs is not directly required. It is suggested that shortly prior to the release of DNA-PKcs and Ku80, the XRCC4/ligase IV complex is recruited to facilitate ligation.
Chen et al. (40) indicated that phosphorylation of DNA-PKcs at the Thr-2609 site may be important for the activation of the endonuclease activity of Artemis by creating a docking site, consistent with the notion that complex DSBs require DNA end processing prior to ligation. In accordance with this data ATM and Artemis have previously been implicated in the repair of complex DSBs (2, (64) (65) (66) . An alternative view is that this sub-set of slowly repairing DSBs when formed in heterochromatin requires ATM to relax the heterochromatin before repair may be initiated (67, 68) . If this were the case in the cell lines used in our study, we would have predicted that the fractions of slow relative to rapidly repairing DSBs induced by USX or NIR microbeam and utilizing NHEJ should have been very similar. Additionally we would have predicted that the recruitment of both Ku80 and DNA-PKcs, which occurs within seconds to the tracks of radiation-induced DSBs, would be impeded if inhibition of the kinase activity of ATM significantly impaired the recruitment of proteins to heterochromatinassociated DSBs. Previous studies at the DNA damage level have inferred that the efficiency of rejoining of radiation-induced DSBs are not significantly different in heterochromatin relative to euchromatin (69) . In addition, proteins involved in DNA damage repair (9, 70, 71) are recruited to and form foci at similar rates in euchromatin and heterochromatin, implying that the chromatin state does not greatly affect access of some DSB signaling/ repair proteins. Similarly, phosphorylation of H2AX and recruitment of XRCC1 is rapid in response to lesions induced in heterochromatin (9) . Our preliminary finding that the recruitment and loss of Ku80-EGFP and DNA-PKcs-YFP to either NIR microbeam or USXinduced DSBs is unaffected by HDAC inhibition, suggests the affects by these inhibitors on the packaging of the DNA within the nucleus does not influence greatly accessibility of NHEJ repair proteins to damaged DNA (Supplementary Figure S7) . Taken together, these latter findings are consistent with DSB complexity predominantly dictating the rate of NHEJ repair and the choice of NHEJ proteins recruited, although chromatin compaction may also play some role in other repair pathways.
The following scheme is proposed for the repair pathways utilized by DSBs with varying degrees of chemical complexity (Figure 7 ). The repair of DSBs proceeds by two distinct sub-pathways of NHEJ. Simple DSBs are repaired rapidly and involve Ku70/80 and XRCC4/Ligase IV/XLF. The repair of complex DSBs requires recruitment of DNA-PKcs by Ku70/80 to form the DNA-PK complex which then recruits proteins involved in DNA end processing to remove lesions formed within close proximity to the DSB ends ( Figure 7) . Once the 'clean-up' of DSB ends has been completed, DNA-PKcs is phosphorylated by ATM and/or autophosphorylated to facilitate release of not only DNA-PKcs but also Ku80. Immediately prior to their release, XRCC4 is recruited to ensure ligation of the DSB. We propose that the complex DSBs are finally ligated by XRCC4/Ligase IV/XLF at a similar rate to that for simple DSBs. Therefore, the repair of DSBs is highly regulated with pathway choice and kinetics of repair dependent on the complexity of the DSBs.
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